Cytochemical correlates of the sleep-wake interface: concerted expression of brain-derived nitric oxide synthase (bNOS) and the nicotinic acetylcholine receptor (nAChR) in a columnoid organization of the primate prefrontal cortex by Csillik, Bertalan et al.
ELSEVIER 
Ann Anat 186 (2004): 217-221 
http://www.elsevier.de 
ANNALS 
OF ANATOMY 
Cytochemical correlates of the sleep-wake interface: 
concerted expression of brain-derived nitric oxide 
synthase (bNOS) and the nicotinic acetylcholine 
receptor (nAChR)in a columnoid organization 
of the primate prefrontal cortex 
Bertalan Csfllik 1'2, Andras Mihaly 1, and Elizabeth Knyihar-Csillik 2'3 
1Department of Anatomy, Albert Szent-Gy6rgyi University Medical School, 40, K ssuth 
Lajos sgt., 6701 Szeged, Hungary; 2Section of Neurobiology, Yale University Medical 
School, New Haven, CT, USA; 3Department of Neurology, Albert Szent-Gy6rgyi Uni- 
versity Medical School, Szeged, Hungary 
Dedicated to Prof. Dr. Manfred Zimmermann on occasion of his 70th birthday 
Summary. Nitric oxide (NO) was recently proposed to be 
involved in the sleep-wake cycle and cortical spreading 
depression. As a structural correlate of these functions, 
we found that bNOS IR was expressed by three cell types 
in the prefrontal cortex, viz. bipolar, multipolar, and stel- 
late cells. Dendrites of bipolar cells established bundles 
resulting in a columnoid organization; in addition, the 
monoclonal antibody mAb 35 which labels subunits al, 
a3 and a5 of nAChR, also visualized apical axons pro- 
ceeding alongside the columnoids. In contrast, a-bungaro- 
toxin which labels the aT-subunit of nAChR, visualized 
only perikarya of interneurons from where the apical ax- 
ons arose. In the prefrontal cortex of monkeys which 
were anesthetized for 6-24 hours, only traces of the co- 
lumnoid organization were found, while perikaryal bNOS 
and nAChR were invariably expressed. It is suggested 
that interactions between NO and presynaptically re- 
leased ACh might be involved in cortical functions uch 
as the sleep/wake cycle. 
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Recently it has been proposed [11] that NO is implicated 
in central pathways involved in the regulation of the 
sleep-wake cycle thus playing a role in the arousal me- 
chanism, in which the basal forebrain-cholinergic system 
[12] is engaged. Electrophysiological investigations in the 
anesthetized cat [2] suggested that the NO system colla- 
borates with cholinergic neurotransmission which might 
be involved in the control of electrogenic activity of the 
cortex, by means of modifying rhythmic activity of corti- 
cal neurons. Based an the results of our earlier studies [8] 
we addressed the question about structural correlates of 
this phenomenon. 
Experiments were performed on six young adult Ma- 
caca fasciculata monkeys (3-5 yrs) of both sexes, also 
used for other experiments. Three monkeys were kept 
under standard conditions, while three animals ("sleeping 
monkeys") were kept in dark and continually anesthe- 
tized for 6, or 12, or 24 hours with ketamine (60 mg/kg, 
i.m.) and maintained anesthetized with a-chloralose in- 
jections (60 mg mg/kg, i.v.). Care of the animals was in 
conformity with the European Communities Council Di- 
rective. Finally, the animals were sedated with ketamine 
(30 mg/kg) and injected with an overdose of nembutal 
(200 mg/kg), perfused transcardially with Zamboni's pi- 
cro-aldehyde fixative containing 0.1% glutaraldehyde. 
Samples of the prefrontal cortex were post-fixed in the 
same fixative without glutaraldehyde for 6 hours. Then, 
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50 gm thick vibratome sections were obtained and frozen 
in 15% sucrose which was immersed in liquid nitrogen. 
Polyclonal brain-derived anti-NOS (bNOS), raised in 
rabbits (Transduction Laboratories Ltd,UK) was used at 
a dilution of 1:1000. Immunocytochemistry was per- 
formed with the ABC method (Vector Lab.,UK) and vi- 
sualized with DAB. For the localization of the a7 subunit 
of nAChR, biotinylated a-bungarotoxin (BTX) obtained 
from Molecular Probes (Eugene, Oregon, USA) was 
used at a dilution of 1:2000. Subunits al,  a3 and a5 were 
localized with the monoclonal antibody mAb 35, origin- 
ally isolated by Tzartos and Lindstrom (1980).The hybri- 
doma cell line mAb 35 was obtained from the American 
Type Culture Collection, Rockville, MD, Cells were 
grown an Dulbecco's minimum essential~rnedium con- 
taining !10% fetal ca l f  : serum,:  supplemented with 
100 units/ml penicillin and streptomycin. The culture 
medium, harvested directly after 8 days of cultivation, 
was centrifuged for 10 min at 1500 rpm and the supema- 
tant, set to pH 7.4 with HEPES buffer, was used as a pri- 
mary antibody. For electron histochemistry, vibratome 
sections tained for bNOS or nAChR as above, were 
treated with 1% OsO4, dehydrated, and flat-embedded 
in Araldite on liquid release pretreated slides. Selected 
areas were excised and remounted on i~re-polymerized 
blocks. Serial sections were cut on an LKB microtome 
with a diamond knife, collected on slot grids, stained with 
lead citrate and uranyl acetate and investigated on a 
JEOL 1010 electron microscope. Densitometry was per- 
formed by digitalizing immunostained sections with a 
SPOT RT Slider CCD camera (1600 x 1200 pixels, 8 bits) 
attached to a Nikon Eclipse E600 microscope, using a 
40x objective and a 10 x eyepiece. The captured images 
were analyzed by Image Pro Plus v4.5 morphometric 
software (Media Cybertnetics, Silver Spring, MD, USA). 
Areas of interest (AOI) were elongated rectangular 
areas (0.008 mm 2) containing at least one columnoid. 
Gray values between 0 and 255 were assigned to the 
grayness of AOI. The background was subtracted to 
correct unevenness in illumination; the relative optical 
density was calculated from intensity by a common log- 
arithmic formula. Statistical analysis was performed by 
the SPSS v9 computer program. 
In the prefrontal cortex of normal control monkeys, 
three well-defined cell types were labelled with the anti- 
body raised against bNOS: (i) Bipolar cells were scattered 
through layers I I I  to V. These cells were equipped with 
long dendrites which pass over the thickness of the cortex 
at a right angle to the pial surface and establish bundles 
reminiscent of a columnoid organization (Fig. 1). (ii) 
Large multipolar cells were present mainly in layers III, 
IV and V. Axons of these cells interconnected dendritic 
bundles of the bipolar cells and established synapses with 
dendritic shafts and spines (iii) Stellate cells were located 
in lamina II and III. Axons of stellate cells established a 
rich network in lamina I and II. Pyramidal cells did not 
exhibit any bNOS-IR. 
Columnoid organization of dendritic bundles was im- 
pressive also in cross sections of the cortex. In electron 
micrographs obtained in a plane parallel to the pial sur- 
face of the cortex (Fig. 2), bNOS-IR dendrites appeared 
in cross sections; they displayed IR associated to dendritic 
tubules. Synapses between bNOS-IR axons of multipolar 
cells and bNOS IR dendritic shafts were invariably of the 
symmetrical type (Fig. 3). 
Localization of nAChR, when using mAb 35 for its 
visualization, yielded immunohistochemical patterns 
slightly reminiscent of that obtained with bNOS staining. 
This antibody, which is known to bind to al,  a3, and a5 
subunits of nAChR [15] visualized axons (Fig. 4) which 
followed the course of the bNOS-IR columnoids. In con- 
trast, a-bungarotoxin which is known to bind to the ~7 
subunit of nAChR demonstrated only perikarya of var- 
ious interneurons. 
In the prefrontal cortex of the "sleeper" monkeys, loca- 
lization of subunits al, a3, and a5 of nAChR was con- 
fined to neuronal perikarya (Fig. 5). Also bNOS was 
restricted to perikarya of bipolar, multipolar and stellate 
cells, while the dendritic bundles characterizing normal 
animals showed only traces of, or no bNOS IR at all. 
(Figs. 6 and 7) 
According to the NO hypothesis [6] NO modulates effi- 
cacy of synaptic contacts. NO is produced by NOS, of 
which three major isoforms have been cloned so far. It 
has been argued [3] that the histochemical marker nitrote- 
trazolium blue reacts with bNOS-containing neurons. This 
Fig. 1. Columnoid arrangement of bNOS-IR dendritic bundles in the prefrontal cortex of a normal control Macaca f scicularis (area 
46). Note dendritic fascicles spanning through the thickness of the cortex (c). The dendrites arise from bipolar cells (arrow). Scale 
bar: 150 gm 
Fig. 2. Fine structural localization of bNOS in a columnoid, characterizing area 46 of the prefrontal cortex of a normal control ani- 
mal. D: cross sections of individual dendrites. Note association of the reaction product o dendritic tubnli. 
Fig. 3. Symmetrical synapse (arrow) of a bNOS IR axon on abNOS IR dendritic shaft (D). 
Fig. 4. Axons expressing the ctl, ct2 and ct3 subunits of nAChR in the prefrontal cortex, proceeding alongside the bNOS-IR colum- 
noids (c). Scale bar: 150 gm 
Fig. 5. Stellate cell expressing cd, a2 and c~3 subunits of nAChR in the prefrontal cortex of a "sleeper" (24 h) monkey. No traces of 
nAChR axons are present. Scale bar: 50 gm 
Fig. 6. Only faint outlines of bNOS IR columnoids (c) an be detected in the prefrontal cortex of a "sleeper" (12 hours) monkey. Ar- 
rowhead points at a bNOS IR neuron. Scale bar: 50 gm 
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Fig. 7. Densitometric values obtained from immunostained sec- 
tions. Areas of interest (AOI) were elongated rectangular areas 
(0.008 mm 2) containing at least one columnoid. Twenty five rec- 
tangular fields were analyzed per animal; each field was chosen 
randomly in different sections in a blinded manner. Empty rec- 
tangles: NOS of controls (NC); black rectangles: NOS of "slee- 
per" animals; dotted rectangles: nAChR of controls (NC); 
hatched rectangles: nAChR of "sleeper" animals. Dotted line: 
background 
has been ascribed to the redox activity of NOS in the 
NADPH diaphorase reaction. This idea has been accepted 
by numerous authors [10, 16, 17 etc]. In contrast, other 
authors claimed the independence of bNOS from 
NADPH diaphorase, since about 80% of the neurons ex- 
erting NADPH diaphorase nzyme activity are situated in 
the subcortical white matter of the human brain, while, in 
the cortex proper, only non-pyramidal local circuit neu- 
rons stained for NADH diaphorase; NOS was co-localized 
with NADPH diaphorase only in subcortical centers but 
not in the cortex [7]. In the rat cerebral cortex, bNOS-IR 
interneurons were found [13] but none of the pyramidal 
cells expressed bNOS in the human cerebral cortex [5]. 
Therefore, it has been suggested that only pathologically 
damaged pyramidal cells stained for NADPH diaphorase 
[18]. This is in accordance with the studies [1] which sug- 
gest that aldehydes differentially affect NADPH-diaphor- 
ase enzyme activity in various neuronal populations, 
leaving their NOS-IR virtually unaffected. It is remark- 
able that the columnoid organization of bNOS-IR dendri- 
tic bundles, characterizing the prefrontal cortex, did not 
show up in any of the NADPH diaphorase nzyme histo- 
chemical studies. Our studies support~ therefore, the no- 
tion that NADPH-diaphorase activity of nerve cells 
cannot be taken as identical with NOS activity [14]. 
Our light- and electron microscopic immunohistochem- 
ical studies prove that the dendritic bundles which estab- 
lish the columnoids are innervated by axo-dendritic 
synapses, deriving partly from bNOS-IR multipolar cells 
and partly from axons of bNOS-negative neurons. Since 
these are exclusively symmetrical, it stands to reason to 
assume their inhibitory function which is in accord with 
the notion [9] regarding the co-existence of NOS and 
GABA. On the other hand, asymmetrical synapses of 
bNOS-immunonegative axons with the shafts of NOS-im- 
munoreactive dendrites appear to be excitatory, probably 
responsible for the activation of the dendritic olumnoids, 
Densitometric measurements performed on immunos- 
tained sections (Fig. 7) prove gradual decline of bNOS 
and nAChR reactivity of columnoids according to the 
length of the general anesthesia. 
In view of recent studies [11] it seems that the colum- 
noid organization of apical dendrites of bNOS-IR cells is 
related to the sleep/wake interface system of the brain, 
and also that the apical axons of nAChR immunoreactive 
neurons are involved in this function, probably subserving 
the role of the midbrain reticular formation [12] in regu- 
lating cortical activity. 
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